determination of the intracellular location of enzymes. Bot That cellular division and differentiation of young meristematic plant cells may be directly influenced and controlled by the presence of mature, differentiated, vascular tissues was reported many years ago by Haberlandt (11, 12) . Support for the view that mature tissues are essential for the activity of meristematic tissues has come from the numerous reports (3, 7, 16) early accepted in root culture work that a minimum tip length of several millimeters was essential for successful culture of transferred roots. Excised root tips which included only root cap, apical meristem, and a short zone of undifferentiated tissue proximal to the apical meristem usually would not survive in a medium which was apparently adequate for the growth of longer root tips which included mature vascular tissues. Chambers (7) reported the growth of squash root tips greater than 1.0 mm in length in a sterile nutrient medium, but found that tip fragments less than 1 mm in length, when cultured in an agar drop, separated into individual cells and formed no root.
Scheitterer (19) , usingf pea root tips grown in a sterile nutrient medium, found that the elongation of the excised tips was dependent upon the initial length of the excised root. She reported that root tips 0.5 to 1.0 mm in length grew up to 6 times the original length in 6 days in dilute Knop's solution containing 2 % glucose. Although she believed that the tip controlled differentiation of the primary tissues, Scheitterer could find no evidence to support Haberlandt's view that the mature tissues controlled cellular division in the meristem.
Gautheret (9) reported a 50 to 150 fold increase in initial length of 0.5 to 1.0 mm excised tips of corn roots cultured 3 months in a dilute Knop's solution containing, 2 % glucose and cysteine hydrochloride.
Robbins, Bartley, and White (16) studied in some detail the influence of the size of the initial excised tip on its subsequent elongation in culture. With corn roots, they found that only roots 1.0 mm or longer could be predicted to grow normally in culture. Approximately 50 % of the tips 0.5 mm long grew, and shorter tips were even less likely to elongate.
Bonner and Addicott (3) in their study of the nutrition of excised pea roots in culture reported that tips 0.5 mm or less in length very rarely grew as normal roots. Tips 3 mm or longer grew as normal roots whose elongation rate was not affected by further increase in initial length. They indicated that " the development of vascular tissue must depend upon the presence in the tip of well defined prospective vascular tissue, since such tissue was not formed by tips containing only the initial zone."
Recently, Brown and Wightman (5, 30) , in their analysis of meristematic activity based on total cell number in pea roots grown in nutrient culture, have found evidence that the mature differentiated tissues of the root control cellular division in the meristem by providing materials synthesized in the mature cells. They suggest that cellular division in the meristem is dependent upon two sets of metabolites, one set from the meristem itself and a second set provided from the mature tissues of the root. They have confirmed earlier observations (1, 3) that thiamin and nicotinic acid affect cellular division in the pea root meristem and have suggested, further, that thiamin may play a primary role in cell division in the meristem or an indirect role through an effect on the metabolism of mature tissues.
In only one case, reported by White (25) , was there evidence to suggest that culture of the isolated meristem region is possible. White was successful in culturing excised tips of wheat roots as short as 0.1 mm in length in hanging drops of nutrient medium, carrving a few tips through several transfers. In view of the manifest importance of the idea that mature, differentiated, vascular tissues influence cellular division and differentiation in the younger meristematic tissues, it was desirable to attempt to isolate and culture the embryonic tissue of the apical meristem of the pea root. The.purpose of the present study was to determine the nutritional requirements of the isolated apical meristem itself and to establish the role of the mature, differentiated tissues in controlling cellular division in the meristem as well as the subsequent enlargement and differentiation of cells derived from it. A histological study of the differentiation of tissues derived from isolated half mm tips of pea roots will be reported elsewhere.
MATERIALS AND METHODS
Excised roots of the garden pea, Pisum sativum, variety Alaska (Asgrow Strain No. 64010), were used in all experiments. The seeds were surface-sterilized in 0.1 % HgCl2, rinsed in sterile water, and germinated in the dark in Petri dishes at 25°C for 48 hours. Five-mm tips were then excised, transferred to nutrient medium in 10-cm Petri dishes, 4 roots per dish, and grown in the dark at 25°C for 1 week. Firsttransfer primary root tips of various lengths were excised aseptically from these isolated roots, using a flame-sterilized, sharpened, steel needle under a dissecting microscope with 40 x magnification and a suitably calibrated ocular micrometer. Transfers were then made with a flattened platinum wire. Relatively large numbers of extremely small root tips were successfully handled individually by transferringf each excised tip to 1 ml of nutrient agar medium contained in a small modified Syracuse dish (U. S. Bureau of Plant Industry Model watch glass, 27 mm diameter). Eight such dishes fit snugly in a standard 10 cm Petri dish, and each root could be examined and measured accurately with the dissecting microscope during the course of the experiment, without contamination. About 100 roots were excised conveniently in a 2 hour period. For each treatment, usually 16 roots were used, with 6 treatments per experiment. Treatments were replicated at least 3 times in different experiments. Transfers were made in diffuse daylight with the transmitted beam of the microscope screened with a blue glass filter. Roots were returned to the dark at 25°C for the period of the experiment. Measurements made with the dissecting microscope at 40x were accurate to 50 u.
In initial experiments, the medium reported by Bonner and Devirian (4) (henceforth referred to as Bonner medium) as optimum for the growth of pea roots, modified from Bonner and Addicott (3), was used. The initial Bonner medium is shown in the second column of table IV. Difco Bacto-agar was added routinely to the medium at 0.5 %. In certain experiments noted below, specially purified agar (prepared by Difco Laboratories) was used. Pyrex redistilled water was utilized for all media and all reagents were of C.P. grade. Culture dishes were cleansed by soaking in dichromate cleaning solution, rinsed thoroughly with tap water, distilled water and redistilled water, and then air dried. Modification of the Bonner medium involved changes in concentration of individual components, replacement of components, adjustment of pH, and the addition of both inorganic and organic constituents. Such changes are described in detail below. Purification procedures used in the Study of the inorganic nutrition are also described at the appropriate point.
EXPERIMENTAL figure 2 is represented graphically the relative increase in length in 1 week, i.e., final length divided by initial length, plotted against the initial length. Five-mm tips grew about 8 times their initial length in 1 week-to about 40 to 45 mm. Ten-mm tips (not shown in figure 2), the tip-length routinely used for weekly transfer of cultured roots, usually show about a 5 to 6 times increase over the initial length in a week. On the control Bonner medium, 2-mm tips appear to show the greatest increase in relation to initial length-i.e., about 9.5 times. This sizable increase over the initial That half-mm tips would not grow on a medium which supports the growth of longer root tips mig-ht be due to one of several reasons: (1) the half-mm tip lacks certain metabolites necessary for cell division which are present in and provided by the mature tissues of the longer root tips; (2) in the half-mm tip, the proportion of damaged to undamaged tissues is so great that oxidations occurring at the damaged surface prevent normal cellular division in the meristem; (3) the rate of diffusion of essential metabolites from the tissues is so great as to drain the halfmm tip of materials needed for its cell division; or (4) the effective absorbing surfaces of the half-mm tip are too small to provide materials from the medium at a rate necessary to allow normal meristematic activity.
That the problem is chiefly a nutritional one soon became strikingly evident when it was discovered that the addition of autoclaved Difco yeast extract at a concentration of 1 gm/l of Bonner medium permitted the growth of half-mm tips into well organized, elongating roots. On such a medium about 80 % of the half-mm tips grew and increased their initial length 11.5 (17) emphasized the probable importance of trace amounts of mineral constituents in the nutrient medium for culturing tomato roots. White (27) found manganese, zinc, boron and iodine essential for growth of isolated tomato roots. Eltinge and Reed (8) described the effect of zinc deficiency on isolated tomato roots in synthetic culture solution. Glasstone (10), using special purification procedures, studied in some (table II) indicate that no one trace metal was especially deficient, as no single added element increased root elongation over that achieved with vitamins alone. The separate omission of each of the three elements, zinc, manganese, and molbdenum, from the otherwise Complete medium resulted in significant reduction of root elongation in each case. Omission of copper or boron separatelN showed no significant effect. The concentrations of the last two elements were not subject to control, however, as boron contamination from the Pyrex dishes probably occurred, and copper was utilized in the purification procedure itself. The omission of molybdenum, manganese or zinc resulted in a degree of elongation not significantly different from that in vitamins alone. The zinc requirement is a particularly interesting one, especially in the light of its known importance in auxin synthesis (20, 24) . A detailed analysis of specific micronutrient requirements of pea root tips, will require further special purification of the salts and has not yet been carried out. It is clear, however, that the elongation of the tips is nearly doubled upon the addition of the five micronutrient elements to the vitamin-containing medium.
In the present study of the nutrition of the half-mm tips of pea roots, no attempt was made to modify the macronutrient constituents of the original Bonner medium. It is conceivable that modification in the direction of inereasing the buffer capacity of the medium, by increasing the concentration, for example, of the phosphate, might increase the overall growth of roots through many passages. As this work is concerned with the optimum elongation of small tips over a relatively short duration, the effect of enhanced buffer capacity of the medium has not been analyzed.
SUCROSE CONCENTRATION: The concentration of sucrose in the medium has been shown by Street and McGregor (23) to influence markedly the growth of excised tomato roots in culture. In their study of the nutrition of 10-mm pea root tips, Naylor and Rappaport (15) reported that the sucrose concentration required for maximum root elongation varied from 4 % to 8 %, dependent upon the variety of pea. In view of these reports, experiments were run in which half-mm pea root tips were grown in the improved medium, containing the increased levels of vitamins, all trace elements at optimum concentrations, and iron as the chloride, but in which various levels of sucrose were provided. In table III are shown averaged results of two such experiments. The concentration of sucrose for maximum elongation of half-mm pea roots was found to be 6 %. Change of sucrose concentration on either side of this optimum resulted in slight but significant reduction in root elongation.
DISCUSSION
The improved medium developed from these experiments which will produce excellent growth of half-mm root tips of Alaska peas is given in table IV.
Successful culture of small fragments of the root tip, including little mnore tissue than the apical meristem and its immediate immature derivatives, makes untenable the earlier idea that differentiated tissues, especially vascular tissues, are essential per se for normal development of the apical meristem of the root. much more rapidly than do larger tips which do not lack stored materials.
From this point of view, it was thought interesting to repeat the earlier experiment concerning the importance of the initial length of the tip, using now the improved medium with 4 % sucrose. The results of such an experiment are presented graphically in figure  4 , in which the relative increase in length (final length/initial length) is plotted against the initial root length. Final length in mm is also plotted on the ordinate to the right. The curve from figure 2 of relative increase in growth on the original Bonner medium is replotted in figure 4 for purposes of comparison.
Several interesting facts are noted from such a comparison. In the first place, tips 5 mm in length or longer grow about equally well on the two media.
As progressively shorter tips are used, the constitution of the medium becomes progressively more important, and a striking difference in response to the two media is evident. In the improved medium, the elongation of 1-mm tips in terms of relative increase is over three times that in the original Bonner medium. In tips 5 mm or greater, the older mature tissues of the root provide all the vitamins and trace elements needed for the growth of the tip for at least a week, and no difference in response is noted. Progressively shorter root tips are more dependent on the external supply of these requirements. In these experiments, 1-mm tips appear to be most sensitive to modification of the medium, and one is led to conclude that studies concerned with the nutrition of isolated roots would prove most profitable, and in fact, much simplified, if short root tips rather than longf tips were utilized.
From figure 4 it is apparent that half-mm tips are a less desirable length for nutritional studies with respect to their growth response than are 1-mm tips. Although certainly more deficient in reserve materials than 1-mm tips and thus more dependent on the externally supplied medium, half-mm tips are probablv limited in cellular division and elongation by the relatively high proportion of damaged to tndamaged tissue. With respect also to the mechanical difficulties of securing half-mm tips, the longer, 1-mm tips, which are more readily excised, appear to be preferable for studies concerned with pea root nutrition. Survival of 1-mm tips is usually 100 %, indicating that at this length, the woundl effect of excision is no longer seriously detrimental.
It is interesting to consider now the question whether the mature tissues of the root contribute special factors which control cellular division of the apical meristem and the subsequent processes of cellular differentiation. From the evidence presented here, one must conclude that the older tissues proximal to the apical meristem of the root serve as an immediate source of essential vitamins and trace elements, although these may originate elsewhere in the plant. The two added vitamins appear to be concerned directly in cellular division in the meristem. With respect to the micronutrient elements, the present experiments do not clearly distinguish between a direct role in cellular division or a secondary effect upon the subsequent elongation of the cells. It (15) . It is of considerable interest in this connection that the differentiation of tissues in the roots derived from half-mm tips does not always result in the typical, triarch, vascular tissue pattern observed in the larger pea root tips. In a nuiiber of cases studied, typical, symmetrical, diarch and even monarch vascular tissue arrangements have been formed. Whether the change in pattern is the result of isolation of the apical meristem from the inductive influence of biochemical products of the mature tissues or whether it is due to some other cause remains to be ascertained.
The idea of Haberlandt (11, 12) and many others that cellular divisions of the apical meristem and other meristematic tissues are dependent upon the provision by the mature, differentiated tissues, including, especially, vascular tissues, of a special "Teilungshormone" or "Leptohormone" can be reinterpreted in the lioht of these experiments. The apical meristem of the pea root is, in fact, uisually dependent upon mature tissue for an adequate supply of thiamin and nicotinic acid, which the meristematic cells of the tip cannot synthesize. In this sense, these two vitamins coming from mature tissues behave as "Teilungshormones." That half-mm tips which lack mature phloem are completely deficient in vitamins suggests that these vitamins move to the region of the meristem in the mature phloem and must then move cell by cell in the undifferentiated tissues distal to the mature phloem tissues.
In a similar fashion, the trace elements must function in synthetic activities leading to normal cellular division and cell enlargement. When all the requirements of the meristem are provided directly, the mature, differentiated tissues of the root and the shoot may be dispensed with as a source of supply. The differentiated, mature, primary tissues of the root appear to possess no peculiar, unknown capacity for svntheses essential to the activity of the meristem which cannot be replaced from an externally supplied, synthetic, nutrient medium. SUMMARY
The nutritional requirements of the apical meristem of the pea root were determined directly by the development of a synthetic nutrient medium capable of supporting growth of excised half millimeter root tips, including root cap and approximately 200 ,t of the essentially undifferentiated, primary meristematic tissuies of the apical region, completely lacking mature vascular tissues. Modification of the pea root medium of Bonner and Devirian (4) included replacement of ferric tartrate with ferric chloride as an iron source, ten times increase in concentration of the required vitamins-thiamin and nicotinic acid, increase of sucrose concentration from 4 % to 6 %, and the addition of salts of the five micronutrient elements, zinc, manganese, molybdenum, boron, and copper.
In the absence of either or both vitamins, no root growth occurred. Addition of all five micronutrient elements to the vitamin-containing medium, otherwise purified of heavy metals, resulted in a 100 % increase in root length. The omission from the complete medium of any one of the three micronutrient ele-ments, zinc, manganese, or molybdenum, resulted in a degree of root elongation similar to that in the meclium containing only vitamins. Judging from the extreme sensitivity of half millimeter root tips to these omissions in the nutrient medium, it is concluded that such tips are practically devoid 
